This bibliometric analysis focuses on the general history of climate change research and, more specifically, on the discovery of the greenhouse effect. First, the Reference Publication Year Spectroscopy (RPYS) is applied to a large publication set on climate change of 222,060 papers published between 1980 and 2014. The references cited therein were extracted and analyzed with regard to publications, which are cited most frequently. Second, a new method for establishing a more subject-specific publication set for applying RPYS (based on the co-citations of a marker reference) is proposed (RPYS-CO). The RPYS of the climate change literature focuses on the history of climate change research in total. We identified 35 highly-cited publications across all disciplines, which include fundamental early scientific works of the 19 th century (with a weak connection to climate change) and some cornerstones of science with a stronger connection to climate change. By using the Arrhenius (1896) paper as a RPYS-CO marker paper, we selected only publications specifically discussing the discovery of the greenhouse effect and the role of carbon dioxide. Also, we focused on the time period 1800-1850 to reveal the contributions of J.B.J Fourier in terms of cited references. Using different RPYS approaches in this study, we were able to identify the complete range of works of the celebrated icons as well as many less known works relevant for the history of climate change research. The analyses confirmed the potential of the RPYS method for historical studies:
Introduction
Climate change has gained strongly increasing attention in the natural sciences and more recently also in the social and political sciences. Scientists actively work to understand past climate and to predict future climate by using observations and theoretical models. Various subfields from physics, chemistry, meteorology, and geosciences (atmospheric chemistry and physics, geochemistry and geophysics, oceanography, paleoclimatology etc.) are interlinked.
The scientific community has contributed extensively with various data, discussions, and projections on the future climate as well as on the effects and risks of the expected climatic change (IPCC Synthesis Report, 2014) .
Bibliometrics as a rapidly developing quantitative method is not only useful for research assessment purposes, but also e.g. for analyzing the history of science. This bibliometric analysis focuses on the history of climate change research: Which are the early works that are still alive in recent climate change related publications in the form of most frequently cited references and thus are most important for the evolution of this research field? On whose shoulders do the publishing authors stand and which are the origins or intellectual roots? Such questions can be answered by using a bibliometric method called Reference Publication Year Spectroscopy (RPYS, see .
By putting climate change research more in the viewpoint of science history, we checked whether the recently highlighted and celebrated icons like Svante Arrhenius and Charles Keeling would be reflected in the results of a bibliometric approach and which additional works are cited most frequently. Science historians claim different works as signpost in the timeline of climate change and often cite them inconsistently, if at all (Fleming, 1998 (Fleming, , 1999 . Our bibliometric approach, however, is based on the literature selection by and accentuation of the overall climate change research community and thus shows a more complete and differentiated picture.
The method allows us to identify the complete range of the works cited in the context of the history of climate change research and the discovery of the greenhouse effect, respectively.
RPYS is based on the assumption that peers produce a useful databasis by their publications, in particular by the references cited therein. This databasis can be analysed statistically with regard to the works most relevant for their specific field of research. Whereas individual scientists judge the origins of their research field more or less subjectively, the overall community might deliver a more objective picture. The peers effectively "vote" by their cited references, which works turned out to be most important for the evolution of their research field.
RPYS utilizes the following observation: The analysis of the publication years of the references cited by the papers in a specific research field shows that earlier publication years are not equally represented, but that some years occur particularly frequently among the references.
These years appear in the distribution of the reference publication years as pronounced peaks.
The peaks are usually based on single early publications, which were most frequently cited.
These frequently cited papers are -as a rule -of specific significance to the research field in question and often represent its origins and intellectual roots . In recent years, several publications have appeared, in which the RPYS was described and applied to examine the origins of research fields Barth et al., 2014; Leydesdorff et al., 2014; Hussey, 2015a, 2015b) . Compared to these studies, our analysis is based on a very large publication and reference set.
Since only a small portion of the publications in a specific field of research normally discusses its historical background, a kind of dilution or weakening happens with regard to the appearance of historical references: Among the multitude of cited references, only the very prominent and most cited early works appear as distinct peaks in the RPYS. Therefore, we present in this study an extension of RPYS for the compilation of the publication set to be analyzed including the references cited therein (RPYS-CO). We apply a bibliometric method, which has been used extensively for many other purposes: the method of co-citation analysis (Small,1977) .
This method takes advantage of the fact that concurrently cited (co-cited) papers are more or less closely related to each other. One can select the citation environment of a specific reference (or of two or even more references) in the form of all co-cited references and analyze these references applying RPYS-CO. The specific reference should be a prominent and seminal work which is used as a kind of marker or tracer reference for a specific topic in a field. We assume that papers which cite the selected reference(s) are potential candidates for citing also many other references relevant in a specific historical context. Thus, we select from the complete publication set a much smaller part focusing on a specific topic (here: of the discovery of the greenhouse effect and the specific role of carbon dioxide).
In this study we present the results of the RPYS and RPYS-CO on climate change research (1) based on the total number of references (n=10,932,050) cited within a carefully searched 5 publication set of papers most relevant for this research field (n= 222,060) as well as (2) based only on the co-cited references of a single paper (n=1658). For RPYS-CO, we selected the paper by Svante Arrhenius (1896) entitled "On the influence of carbonic acid in the air upon the temperature of the ground" which has been cited around 600 times until present. Both analyses have been performed with the CRExplorer (www.crexplorer.net; Thor et al., 2016 ) -a program which has been designed for RPYS. This paper introduces the new option of the CRExplorer to undertake a RPYS-CO on a restricted set of cited references which are co-cited with at least one selected cited reference: the marker reference.
Datasets and Methodology

Climate change research literature in total
The analyses are based on the WoS custom data of our in-house database derived from the Science Citation Index Expanded (SCI-E), Social Sciences Citation Index (SSCI), and Arts and Humanities Citation Index (AHCI) produced by Thomson Reuters (Philadelphia, USA). First, we applied a sophisticated search method called "interactive query formulation" to compile the publication set of papers dealing with climate change (see Haunschild et al., 2016) . The search strategy comprises a preliminary search for key papers and a renewed search based on the synonyms revealed by the keyword analysis of the key papers (Wacholder, 2011) . The search was restricted to the time period 1980-2014 and resulted in a publication set of 222,060 papers (articles and reviews only). This is not the complete publication set covering any research paper relevant for the climate change research field. However, we assume that we have included by far most of the relevant papers, in particular the key papers dealing with research on climate change. Furthermore, we expect that a moderate amount of incompleteness does not bias the RPYS. An expansion of the search query would increase the possibility of including non-relevant publications in the set.
For the RPYS, all cited references (n=10,932,050) have been selected from the papers in our publication set on climate change (n=222,060), i.e. around 50 references per paper. To cope with the large number of almost 11 million cited references when using the CRExplorer, we applied the following processing strategy:
1. We imported only references with publication years earlier than 1971 into the CRExplorer.
This reduced the overall number of references substantially from originally 10,932,050 to 6 239,887 references. The limitation of the references to those with publication years prior to 1971 follows from the objective of this analysis to detect influential early works.
2. Reference variants of the same paper were algorithmically clustered and merged with the CRExplorer. Additionally, we applied manual clustering to the references published prior to 1900. For example, two variants of the paper by Arrhenius (1896) were merged, which has been cited 279 times with "Philosophical Magazine" and 32 times with "London Edinburgh Dublin" as journal title.
3. In order to detect the very early referenced publications, we selected the reference publication year time period 1000-1900 and removed all references with reference counts less than 10 for further analysis. The number of references decreased to n=152. A minimum reference count of 10 has proved to be reasonable for referenced papers published prior to 1900 (see .
4. For detecting important historical publications newer than 1900, we selected the reference publication year time period and removed all references with reference counts less than 100 for further analysis. The number of references decreased to n=226. A minimum reference count of 100 for the references, which appeared between 1900 and 1970, again results from the need to reduce the flood of references.
Climate change research literature citing the marker paper
In the RPYS-CO, we focused on the discovery of the greenhouse effect and the specific role of carbon dioxide. The new version of the CRExplorer allows the restriction of the cited references to only those which are co-cited with at least one selected cited reference using the menu items "Data" -"Retain Publications citing Selected Cited References". In a first step, we selected the marker reference in the table visualized by the CRExplorer. Note that also misspelled reference variants have to be considered, because in the case of earlier references their portion can not be neglected (Marx, 2011) . Misspelled variants can be considered in two ways: (1) All misspelled variants are selected and the abovementioned menu item is chosen. (2) All misspelled variants are clustered and merged. Afterwards, the resulting unified cited reference is selected and the aforementioned menu item is chosen. Both possibilities yield the same RPYS-CO result. Since we used a dataset in this study with merged variants of cited references, we had to select only one reference.
Using the menue item of the CRExplorer in a second step, we reduced the references (n=10,932,050) of our publication set (n=222,060) to all references co-cited with the 1896 paper by Svante Arrhenius (n=1658). In contrast to the reference analysis of the literature in total, the co-cited references were not restricted by a minimum reference count (see above).
Svante Arrhenius was the first scientist who calculated how changes in the levels of carbon dioxide in the atmosphere could alter the surface temperature through the greenhouse effect. He predicted that emissions of carbon dioxide from the burning of fossil fuels were large enough to cause global warming. Interestingly, his prediction of a global temperature rise through doubling of the carbon dioxide concentration (about 5 degrees Celsius) is close to the predictions of recent climate models. Obviously, the many simplifications and mistakes of his calculation averaged out. Based on the growth rate observed at his time, Arrhenius did not expect a doubling of the atmospheric carbon dioxide concentration within the next 3000 years. The concentration increase currently observed (see: http://www.esrl.noaa.gov/gmd/ccgg/trends/) means a doubling within only two centuries. His paper can be seen as a cornerstone in the evolution of climate change research. In the first half of the 20 th century, however, his theory was widely refused and accordingly, the paper was barely cited (until 1990 , the number of citations per year was below ten).
By analyzing the co-citations of Arrhenius' paper as a marker reference, we investigate the discovery of the greenhouse effect and the specific role of carbon dioxide. This research topic marks the historical roots and origins of the current climate change research. By zooming from climate change research in total to the discovery of the greenhouse effect, we focus on literature specifically discussing the history of climate change research. We reveal the dicisive works in this context, including the forerunners and the papers taking up the impetus given by Arrhenius. The red lines in FIGs 1-2 visualize the number of cited references per reference publication year.
Results
Historical roots of climate change research
In order to identify those publication years with significantly more cited references than adjacent years, the deviation of the number of cited references in each year from the five-year median (median of the number of cited references in the two previous, the current, and the two following years: t -2; t -1; t ; t + 1; t + 2) is also visualized ( 
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The principles governing the application of the conceptual model technique to river flow forecasting are discussed.
The necessity for a systematic approach to the development and testing of the model is explained and some
preliminary ideas are suggested.
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The numbers of cited references presented in TAB 1 are substantially lower than the overall numbers of citations (times cited information of the WoS database records or number of citations based on the WoS cited reference search mode) of the corresponding papers. The main reason for this discrepancy is that a large portion of the references are cited by papers outside the climate change research literature. For example, the key paper by Arrhenius (1896) is also cited by works in geoscience dealing with the carbon cycle. Also, the database records of some relevant papers do not include an abstract and others do not include the search terms of our query in their title or abstract text. Therefore, such papers are not included in our publication set.
Note that the reference counts of all references within a specific reference publication year (i.e.
references of the same age) are directly comparable among each other since all citing papers belong to the same research field: climate change research. Thus, the cited references originate in the same citation culture and it is not necessary to field-normalize the cited reference counts as it is conventional in bibliometrics (Waltman, 2016) . The field-normalization is ensured by the first step of the RPYS: the selection of the publication set on which citation impact is measured target-oriented. However, the corresponding papers of the references presented in TAB 1 have 
Climate research literature citing the marker paper
In the RPYS-CO we substantially reduced the climate change research publication set by using co-citation analysis. FIG 3 shows the spectrogram from the RPYS-CO using the references cocited with Arrhenius (1896). By definition, the peak associated with this reference is dominating the results. There are two distinct peaks corresponding to references prior to 1896 resulting from the works of forerunners, and six peaks with reference publication years later than 1896. The CRExplorer reveals that the broader peak after 1896 includes three frequently cited papers published between 1897 and 1899. This peak is followed by pronounced peaks corresponding to the reference publication years 1908, 1924, 1938, and 1956/1957 (when modern climate change research began). In order to demonstrate the potential of a more detailed analysis with the CRExplorer, a spectrogram is included in FIG 3 which is only based on the cited reference years 1800-1850. We zoomed into this time period for an in-depth analysis of the citation pattern of the works of the French mathematician and physicist J.B.J. Fourier, which are sometimes discussed and cited unsatisfactorily in historical overviews on the history of climate change research (see Fleming, 1998 Fleming, , 1999 . 
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Discussion
The first analysis of this study is based on a large and carefully searched publication set of Another reason for the differences between both approaches might be that importance does not always manifest in citations. A good example for important publications with comparatively low citation impact is the contribution by Charles David Keeling (e.g. Keeling, 1958 Keeling, , 1960 climate change. They seem to be cases of "obliteration by incorporation" (McCain, 2012) , which affects seminal works that are rapidly absorbed into the body of scientifc knowledge. In the case of Keeling, the data collection for the curve bearing his name extended throughout decades; the idea behind and the result of the measurements is not presented in a single paper.
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The second analysis of this study focusses on the discovery of the greenhouse effect and the specific role of carbon dioxide. For narrowing down the perspective from climate change research in total to the discovery of the greenhouse effect, we investigated literature specifically discussing the history of climate change research related to this effect and zoomed into the (much smaller) reference set cited therein. The data for the analysis is based on co-citations of the seminal work by Arrhenius (1896). We assumed that the relevant early works (if at all) are cited alongside with this prominent paper. It is hardly imaginable that the Arrhenius paper is not cited in the context of the history of climate change research in connection with carbon dioxide.
We applied RPYS-CO on this more specific reference set and revealed a multitude of early works relevant for the history of climate change research. With the exception of Arrhenius (CR8) and Chamberlin (CR9), these papers do not appear as distinct peaks in the RPYS (the first analysis of this study).
We consulted the historical overviews of experts, in particular those of James Fleming (1998 Fleming ( , 1999 , Spencer Weart (1997 Weart ( , 2008 In order to demonstrate the potential of the RPYS-CO approach for reconstructing the emergence and evolution of research dealing with the greenhouse effect, we focused on the time period 1800-1850 to reveal the references related to Fourier. Although barely cited, his 1822 and 1824 works appear as distinct peaks and can easily be identified. The preceding contributions, however, do not appear as pronounced peaks in the spectrogram but can be identified via the reference list established by the CRExplorer. The CRExplorer enables an indepth analysis as requested by Fleming (1998) : "Obviously, those seeking to understand the history of terrestrial temperature research must look well beyond the secondary literature and well before 1827" (p. 64). Also, a basic problem of historical overviews becomes evident when the reference analysis is applied (Fleming, 1998) : "Simple claims about the 'discovery' of the greenhouse effect are impossible to sustain" (p. 64).
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We cannot expect that RPYS and RPYS-CO deliver similar results in this study: The first analysis reveals the early works most relevant for a multitude of disciplines active in climate change research and presents only 35 prominent out of almost 11 Million cited references. The second analysis focuses on the discovery of the greenhouse effect and the specific role of carbon dioxide. Also, only the historically oriented climate change related publications are considered here. We suggest to further examine the latter approach in the form of RPYS-CO.
Conclusions
The results of this study demonstrated that RPYS reveals the publications which are most important for the evolution of the climate change research field. Hardly any science historian who has published an historical overview mentions (and cites) all relevant literature (to the best of our knowledge). According to a WoS based cited reference search, for example, there are only two papers concurrently citing Fourier and Tyndall and only three papers concurrently citing
Fourier and Arrhenius (books presumably contain more co-citations). RPYS delivers a detailed list of potentially important publications which might be considered in an historical overview. The advantage of this method is that the seminal papers are detected on the basis of the references which are cited by the relevant community without any further assumptions.
Since importance is not always reflected by high citation counts, the reconstruction of the history of a specific research field is not possible without expert knowledge.The specific role of the cited papers in the historical context can only be determined by experts. Thus, the results of this study might serve scientists who are active in the field of the history of climate change as interesting material from a quantitative perspective. This study is an invitation to combine both approaches (expert knowledge and bibliometrics) for meaningful and informative historical analyses.
